Abstract. Environmental enteric dysfunction (EED) is often measured with a dual sugar absorption test and implicated as a causative factor in childhood stunting. Disturbances in the gut microbiota are hypothesized to be a mechanism by which EED is exacerbated, although this supposition lacks support. We performed 16S ribosomal RNA gene sequencing of fecal samples from 81 rural Malawian children with varying degrees of EED to determine which bacterial taxa were associated with EED. At the phyla level, Proteobacteria abundance is reduced with severe EED. Among bacterial genera, Megasphaera, Mitsuokella, and Sutterella were higher in EED and Succinivibrio, Klebsiella, and Clostridium_XI were lower in EED. Bacterial diversity did not vary with the extent of EED. Though EED is a condition that is typically believed to affect the proximal small bowel, and our focus was on stool, our data do suggest that there are intraluminal microbial differences that reflect, or plausibly lead to, EED.
Environmental enteric dysfunction (EED), characterized by small bowel villous atrophy and inflammation, often develops early in childhood and is believed to impact the physical, immunological, and cognitive development of children.
1 EED is associated with unsanitary living conditions, asymptomatic presence of intestinal pathogens, and malnutrition in developing countries. 2 At present the dual sugar absorption test, one form of which is the lactulose:mannitol (L:M) test, is the most widely used method to detect EED. 3 Disturbances in the gut microbiota may cause or be a critical cofactor in the pathogenesis of EED, but published data have not yet supported this notion. Here, we used fecal 16S rRNA gene sequencing to identify phylogenetic groupings of bacteria to detect dysbiosis associated with EED in rural African children.
Eighty-one 12-to 23-month-old healthy Malawian children (47 boys and 34 girls) selected from the rural areas of Machinga and Nsanje districts enrolled in a legume intervention trial participated in the study (Table 1) . 4 All samples were collected before distribution of any legume supplements. No child at entry was reported to have had diarrhea in the previous 7 days. The children lived in subsistence farming families in unelectrified mud huts often without access to clean water. The children consumed a plant-based diet, predominantly composed of maize with animal source foods no more frequent that twice per month. The study was approved by the Institutional Review Board from Washington University School of Medicine in St. Louis, and the University of Malawi College of Medicine Research and Ethics Committee.
An L:M test was carefully conducted and stools during L:M test were collected from each child. 5 Each stool sample was snap frozen in liquid nitrogen within minutes of collection and frozen (−80°C) until processing. L:M was calculated as the ratio of the lactulose to mannitol concentrations in the urine by high-performance liquid chromatography at Baylor College of Medicine, Texas. Three categories of EED were designated: no EED (L:M < 0.15), moderate EED (0.15 ≤ L:M ≤ 0.45), and severe EED (L:M > 0.45), as previously described. 6 Stool processing was performed as previously described. 7 DNA was extracted by using the NucliSENS easyMAG "SpecificA" (BioMerieux, Durham, NC) following manufacturer's instructions. The V1-V2 hypervariable regions of the 16S rRNA gene were amplified by polymerase chain reaction (PCR) using the primers V1_V2_F "AGAGTTTG ATCMTGGCTCAG" and V1_V2_R "CTGCTGCCTYCCG TA." The PCR products were purified and sequenced using the MiSeq Genome Sequencer (Illumina, San Diego, CA).
Sample sequences were binned based on Illumina index sequences. Paired-end fastq files were generated, and the primers were removed from the 3′ end of the sequence using Trimmomatic and Flexbar allowing one mismatch in addition to primer degeneracies. Low-quality bases were removed using Mothur software with the parameter trim. seqs(qaverage = 35). 8 Paired reads were assembled using FLASH and then assembled sequences less than 200 bases were removed and taxonomic calls were generated for each assembly using the Ribosomal Database Project (RDP) Naive Bayesian Classifier version 2.5 with training set 9.
9,10 Chimeric sequences were identified and removed using ChimeraSlayer with default parameters. 9 To analyze the diversity at various taxonomic levels, RDPgenerated taxonomic calls were analyzed using in-house Perl script to generate sample versus taxonomy matrices, where a 0.5 confidence level was required to accept a call at each taxonomic level and reads with < 0.5 confidence at a level, for example, genus, were considered unclassified at the family level. Because different samples yielded different sequence depth, read subsampling, or rarefaction, at a depth of 33,000 reads was done using the Vegan package in R. 11 The V1-V2 reads were assigned to nine phyla and 272 genera. Fold difference in expression between classifications of EED were determined using reads per kilobase of exon model per million mapped reads (Partek Genomics Suite; Partek, St. Louis, MO).
Bacterial genera were considered to be associated with EED if the following four criteria were met: 1) Spearman's ‡Main effects and interactions were considered significant at P values < 0.05. §Height-for-Age z score < −2 FIGURE 1. Circos plot and table showing associations between six genera abundance (% of total bacteria) and each category of lactulose: mannitol (L:M). The circus plot is a circular representation of the association of the different genera labeled A-G and the environmental enteric dysfunction (EED) status (no EED, moderate EED, and severe EED), labeled H-J. The inner circle shows the percentage of genera abundance multiplied by 1,000, the outer circle the relative abundance of the genera among the six genera. The lines indicate the association of each genera with the EED status: no EED is blue, moderate EED is purple, and severe EED is pink.
correlation coefficient between genera abundance and L:M was significant at a level of P < 0.05; 2) the abundance showed a decrease or increase with increasing EED severity using a one-way, linear trend analysis of variance (ANOVA) test; 3) there was a 5-fold difference in abundance between children with no EED and severe EED; and 4) linear discriminate analyses effect size (LefSe) showed a significant difference (Supplemental Table 1 ).
Among the 81 children studied, eight (10%), 49 (60%), and 24 (30%) had no, moderate, and severe EED, respectively ( Table 1 ). The baseline categorization of EED was associated with change in height-for-age z score in the subsequent 3 months (P = 0.01, Tukey-Kramer multiple comparison test).
At the phyla level, there was a significant reduction in Proteobacteria abundance: 9.19 ± 5.61, 4.22 ± 5.50, and 4.20 ± 4.59 between no EED and moderate EED, and severe EED, respectively (ANOVA P value = 0.045); no other significant differences were found (Supplemental Figure 1) .
Megasphaera, Mitsuokella, and Sutterella were more prevalent in EED versus no EED, and Succinivibrio, Klebsiella, and Clostridium_XI were less prevalent in EED versus no EED (Figure 1) .
The microbiota diversity at the phyla and genera levels as assessed by Bray-Curtis dissimilarity analyses shows that the fecal microbiota communities between EED groups were significantly different based on multivariate permutation testing using Adonis from the R library "Vegan" (100 permutations, P < 0.001) (Figure 2) . 11 The Shannon H diversity among no, moderate, and severe EED at the genera level were 1.60 ± 0.44, 1.64 ± 0.48, and 1.62 ± 0.40 (as mean ± standard deviation), respectively (ANOVA P value = 0.9655).
At the genus level, two genera were present only in no EED individuals, 51 genera only in moderate EED, and 28 in severe EED; 138 genera were present in all individuals in different proportions depending on the individual EED status (Supplemental Figure 2) . This study was limited by the use of fecal samples for 16S rRNA gene sequencing, which largely reflect the bacteria in the colon, whereas EED is a disease of the proximal bowel, where bacteria concentrations are estimated to be 10 9 -fold less abundant (duodenum, 10 3 ; jejunum, 10 4 ; ileum, 10 7 ; and colon, 10 12 bacteria/g). 12 Bacteria of potential interest in EED may well be present in small quantities, but difficult to detect. We attempted to control for this limitation by looking for differences in bacterial relative abundance on the basis of the L:M test. A much more informative and direct way to look for dysbiosis of the small intestine would require direct sampling using endoscopy, which is not justifiable in this population of asymptomatic children. Because of this limitation, the species that we identified cannot be considered to be causal.
Considering the three genera that were decreased with EED, Succinivibrio is a fiber-degrading bacterium, typical in rural African populations with diets high in fiber and complex carbohydrates. 13 Succinivibrio has been associated with altered carbohydrate metabolism and niche disruptions in mucosal interfaces induced by parasitic infections. Klebsiella is normally found in the human intestine and feces and usually does not cause enteric disease. Clostridium_XI deconjugates primary bile acids in the distal ileum.
14 Recent work demonstrated different amounts and conjugation patterns of serum bile acids in EED. 15 This observation might be related to changes in Clostridium_XI.
Among the three genera that were higher in EED, Megasphaera ferments carbohydrates and produces fatty acids. This organism is involved in lactic acid catabolism and amino acid deamination. 16 Adults with celiac disease, another inflammatory condition of the upper small bowel, have higher proportions of Megasphaera in their fecal microbiota. 17 Individuals with asymptomatic human immunodeficiency virus enteritis also carry larger fractions of Megasphaera in their feces. 18 Mitsuokella is a strict anaerobic bacterium that inhabits the intestinal tract. Mitsuokella metabolites produce butyrate, which can have an antiinflammatory effect and also inhibit intestinal epithelial proliferation. Mitsuokella also inhibits Salmonella growth. 19 The increase in abundance of Mitsuokella in EED might limit the inflammation of EED, but the operative mechanisms could be complex. Sutterella has associated with Crohn's disease, and with abnormal intestinal permeability. 20 It is interesting that both Megasphaera and Sutterella have been associated with other clinical conditions in which small bowel inflammation is prominent, so perhaps these bacteria, overall, evoke an inflammatory response.
EED is not associated with a profound fecal dysbiosis, but six genera were identified as having significantly different abundances in EED. The significance of this may be elucidated in the future by investigation of the duodenal and jejunal microbiota isolated from endoscopy samples.
